Abstract. Fingerprint segmentation is an important step in an automatic fingerprint recognition system. Due to applications of various sensors, fingerprint segmentation inevitably suffers from sensor interoperability problem. K-means algorithm is one solution to address the sensor interoperability problem in fingerprint segmentation. However, the traditional k-means based method does not well deal with the border between the foreground and the background. The oversegmentation of foreground area may appear and some important minutiae are lost. To effectively address the issue, we propose an improved k-means based segmentation method with sensor interoperability called ISKI. ISKI performs the secondary determination to the blocks which have similar distances with the two cluster centers after k-means clustering. The proposed method is applied on a number of fingerprint databases which are collected by various sensors. Experimental results show our proposed method significantly improves the accuracy of segmentation.
Introduction
Fingerprint segmentation, as a pre-processing step, plays an important role in an automatic fingerprint recognition system [1] . Effective segmentation does not only improve the accuracy of minutiae detection but also reduce the time of subsequent processing so as to enhance the performance of the entire system. A fingerprint image generally consists of two regions: the foreground and the background. The foreground is the component that originated from the contact of a fingertip with the sensor [2] . The noisy area around the border of an image which has no effective information is called background. The aim of fingerprint segmentation is to remove the background region and retain the effective area of fingerprint image as more as possible.
There are many methods for fingerprint segmentation in previous literatures. Most segmentation methods are block-wise ones [3] [4] [5] [6] which divide the fingerprint image into nonoverlapping blocks and decide the type (foreground and background) of each block based on block-wise features. And some other methods are pixel-wise ones [2, 7, 8] which determine the type of each pixel according to the extraction of pixel-wise features. Block-wise methods generally have lower computational complexity while pixel-wise ones get more accurate output. The segmentation methods can be categorized into unsupervised [4] [5] [6] and supervised ones [2, 3, 7, 9] according to whether the label information is used.
Sensor interoperability refers to "the ability of a biometric system to adapt to the raw data obtained from a variety of sensors" [10] . Fingerprint segmentation, as one crucial processing step of a fingerprint recognition system, is inevitably effected by sensor interoperability problem because of the applications of various sensors. Most existing methods are designed to segment fingerprint images collected by a certain sensor. Unsupervised methods usually adjust threshold and supervised methods retrain model while sensor changes, which result in the segmentation performance is moderate and the time consuming is high. Some works investigate the fingerprint segmentation with sensor interoperability. In [11] , Ren studies the feature selection for sensor interoperable fingerprint segmentation. In [12] , Guo proposes a personalized fingerprint segmentation method which learns a segmentation model special for each input fingerprint image to deal with the sensor interoperability.
In [6] , we have empirically analyzed the sensor interoperability problem in fingerprint segmentation, and effectively addressed the issue by proposing a k-means based segmentation method. In our present work, an improved k-means based segmentation method with sensor interoperability is presented. The proposed method is more effective to deal with the border between the foreground and the background; it obtains higher foreground size and retains area with minutiae.
K-means Based Fingerprint Segmentation
Clustering is an unsupervised learning process of grouping a set of physical or abstract objects into classes of similar objects [13] . Fingerprint segmentation can be treated as a two-class clustering task, whose goal is to distinguish the foreground cluster from the background one. Therefore, a clustering algorithm can be performed on each fingerprint image to implement segmentation without the need of label information.
The k-means algorithm proposed by MacQueen [14] is a commonly used clustering method. In [6] , a k-means based segmentation method called SKI (that is, Segmentation based on K-means for sensor Interoperability) is proposed to address the sensor interoperability problem. In SKI, each fingerprint image is divided into nonoverlapping blocks with the same size of w×w pixels, and three block-wise features: coherence, mean and variance (i.e., CMV) are extracted to form the feature vectors. For each fingerprint image, k-means algorithm is applied to cluster the blocks into two clusters. A preliminary classification process is performed to determine which cluster indicates the foreground blocks since the outputs of k-means are two clusters without specifying foreground or background. In the end, SKI employs morphological post-processing to eliminate noisy blocks.
In our recent work, we make an intensive study on the CMV distribution of the fingerprints. We randomly select 10 fingerprint images from FVC2000 [16] DB1. Each fingerprint image is partitioned into nonoverlapping blocks with the same size of 8×8 pixels, and the foreground blocks and background blocks are manually labeled. Fig. 1 shows the CMV distribution of the 10 fingerprints. It shows that most of the foreground and background blocks are statistically separable, so k-means algorithm can distinguish them easily. However, the CMV distribution of some blocks overlap with each other, which means these blocks are not well distinguished by k-means algorithm only. It is obvious that these blocks have similar distances with two cluster centers. These blocks are usually around the border between the foreground and the background, or in the not well defined regions. This problem may result in over-segmentation, so some valid regions which contain important minutiae are lost.
Fig. 1. CMV distribution of the 10 fingerprints in FVC2000 DB1
The Improved k-means based method
In order to effectively distinguish the blocks around the border between the foreground and the background, following our previous work [6] , we propose an improved k-means based sensor interoperable segmentation method called ISKI, that is, Improved Segmentation method based on K-means for sensor Interoperability. For each fingerprint image, k-means algorithm is firstly
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Advances in Science and Engineering II applied to cluster the blocks into two clusters. Then to the blocks which have similar distances with the two cluster centers, the secondary determination will be performed. The framework of ISKI is presented in Fig. 2 . ISKI includes following steps:
Step1: Each fingerprint is divided into nonoverlapping blocks with the same size of w×w pixels, and the block-wise CMV features are extracted following [6] to form the feature vectors. The CMV values are normalized into [0, 1] using Min-max normalization.
Step2: K-means algorithm is performed to cluster the blocks into the foreground cluster and the background cluster. Firstly, the number of clusters is directly set to be 2. The center block of the fingerprint image is initialed as the cluster center of the foreground cluster, and one border block of the fingerprint image is regarded as the cluster center of the background one. After that, each block is assigned to point to the cluster center which has the nearest Euclidean distance to it, and then the new cluster centers are recomputed, this procedure is repeated until the assignment has not changed. When k-means clustering is finished, the distances with two cluster centers of each block are recorded respectively. A flag is used to indicate a block is a foreground block or a background block according to the result of k-means algorithm. It is named as flag1.
Step3: In this step, the blocks which have similar distances with two cluster centers are found and the secondary determination is performed to these blocks. For each block, the difference value of the distances with two cluster centers is computed. If the value is greater than the threshold T (T is an empirical parameter), the block belongs to foreground area or background area is determined by the k-means algorithm. Otherwise the block is marked. For the marked blocks, the secondary determination will be conducted by three steps:
Step 3.a: Extract another block-wise feature: the combination of variance and its gradient. This feature is defined to be [15] 
(1)
VI is the variance of the block. For each marked block, this feature is extracted and normalized into [0, 1] using Min-max normalization. If this feature value is greater than the threshold T v , the block is regarded as foreground block, otherwise it is regarded as background block. The flag which indicates a marked block is a foreground block or a background block according to the decision of Step 3.a is named as flag2. T v is the median value of the combination features. It is an adaptive threshold.
Step 3.b: Consider the k-means results of the 8 neighborhoods. For each marked block, if more than 4 neighborhoods are regarded as foreground blocks by k-means clustering, the block is considered as foreground block, otherwise the block is considered as background block. The flag which indicates a marked block is a foreground block or a background block according to the decision of Step 3.b is named as flag3.
Step 3.c: Vote to determine the label of the block. For each marked block, three methods have been conducted to decide it is a foreground or background block. The results of the three methods are recorded by flag1, flag2 and flag3. The three results will be used to determine the block belongs to the foreground area or background area by voting. If more than two votes regard the marked block as foreground (background) block, the marked block is labeled as foreground (background) block.
Step4: Following [6] , morphological post-processing is employed to eliminate noisy blocks.
Fig. 2. Framework of ISKI

Experiments
We show the effectiveness of the improved k-means based method by comparing it with the traditional k-means based method. We first measure the segmentation performance of ISKI with that of the traditional k-means based method. Then some sample segmentation results of two methods are presented. Segmentation Performance. In the experiments, ISKI is compared with SKI, which is a traditional fingerprint segmentation method based on k-means. The experiments are conducted on three databases of FVC2002 [17] collected by different sensors. For each database, five fingerprint images are selected randomly. All of these fingerprints are segmented manually. ISKI and SKI are used to implement the segmentation, respectively. The segmentation performance is measured by error rate, which is defined as the proportion of misclassified blocks [3] :
where N err denotes the number of misclassified blocks in the evaluated fingerprints, and N total is the total number of blocks.
The segmentation error rates are presented in Table 1 , which shows that ISKI has the smallest error rate on each database. With the above observations we can conclude that ISKI is superior to SKI on all the databases. Fig. 3 . We can see the traditional k-means based segmentation method does not well distinguish some valid border regions and lead to over-segmentation, which result in the losses of important minutiae. ISKI copes with the problem and gets favorable performance. Fig. 4 . Here the fingerprint images are from different databases of FVC2000, FVC2002, and NJU2001 (Fingerprint database of Nanjing University. The sensor type is ZY202-B; the resolution is 500 dpi with size 320×320.), which are captured by different sensors. The results show that the improved method is more effective to deal with the border between the foreground and the background, and it avoids over-segmentation of the foreground area.
Fig. 4. Sample segmentation results
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Conclusion
The traditional k-means based fingerprint segmentation method does not well deal with the border area between the foreground and the background. The over-segmentation of foreground region may appear and some important minutiae are lost. This paper proposes an improved k-means based segmentation method with sensor interoperability called ISKI to address above issues. ISKI conducts the secondary determination to the blocks which have similar distances with the two cluster centers after k-means clustering. Experimental results show that the proposed method is effective, robust and interoperable. The accuracy of segmentation has been significantly improved. Our method makes contributions to the reliable detection of minutiae and the improvement of fingerprint recognition system. Future work will focus on extracting new features with sensor interoperability to further improve the performance of ISKI.
